The measurement of surface profile is a vital quality control procedure in many industries. For small objects (dimensions below ~10 mm) with rough or discontinuous surfaces, scanning white light interferometry (SWLI) is currently the method of choice. However, with a resolution of ∼1 nm, vibration during the scan induces motion artifacts and prevents its routine use on the production line. We present a system that avoids temporal scanning by spectrally splitting the white light interferogram into a set of interferograms at different wavenumbers which are recorded simultaneously on an image sensor. The system essentially consists of an interferometer coupled to a single-shot hyperspectral imaging system. Fourier transformation along the wavenumber axis provides an absolute optical path difference for each point in the field of view, a procedure which is robust even on optically rough surfaces. Height maps with a spatial resolution of 19×19 pixels and a measurement accuracy of ∼460 nm are demonstrated.
INTRODUCTION
The combination of white light interferometry with hyperspectral imaging ('hyperspectral interferometry', HSI) is a recently proposed technique for single-shot measurement of 3-D surface profiles 1 . In HSI, a frequency comb light source illuminates the sample 2 . The resulting white light interferogram is then separated spatially by a dispersive element into a set of narrowband speckle interferograms, which are recorded simultaneously at different locations on a 2-D photodetector array. These 'monochromatic' images can be rearranged in a common coordinate system so that the resulting stack of images forms a 3-D intensity distribution as shown schematically in Fig. 1 . Subsequent data analysis takes place on a pixelwise basis, shown in Fig. 1 for an arbitrary point P on the sample, by extracting the intensity signal along lines parallel to the wavenumber axis k. Such paths avoid the geometrical boundaries of the object (in this case two separated regions R 1 and R 2 ) that will cause problems for conventional spatial fringe analysis techniques. When using onaxis illumination and observation, the intensity signal at pixel (m, n) along the k axis, I(m, n, k), is modulated with a frequency that is proportional to the optical path difference between reference and object beams. Fourier transformation of I(m, n, k) along the k axis thus leads to a spectral peak whose distance from the origin is a direct measure of the surface height at the point (x, y) that is imaged onto pixel (m, n). In the case of optically rough surfaces, the fringe patterns shown in Fig. 1 turn into speckle patterns, but the analysis to extract surface profile remains the same. Figure 2 shows the optical setup used to demonstrate the principle of the technique. Light from a broadband superluminescent LED source LS 1 (S840-HP-I Superlum Diodes Ltd, Moscow; 15 mW optical power; centre wavelength 840 nm; bandwidth 50 nm) is launched into an optical fibre. Light from narrowband HeNe laser source LS 2 (wavelength 632.8 nm), which is combined with that from LS 1 using fibre coupler FC, assists in the alignment of the set-up. On exiting the fibre, the light is collimated by lens L 1 and spectrally filtered to produce a frequency comb by etalon E, which has free spectral range (FSR) of 0.5 nm at 840 nm and finesse >15. The filtered light subsequently enters the Linnik interferometer comprising beamsplitter BS 1 , lens L 2 , reference mirror RM, and object lens L 3 . The rough surface sample S is mounted on translation stage TS. The scattered and reflected light from S and RM, respectively, recombines at BS 1 and travels to the hyperspectral imaging block of the system consisting of beamsplitter BS 2 , lenses L 4 and L 5 , and grating G. Cameras C 1 and C 2 record respectively the spatially separated narrowband interferograms and the broad-band interferogram. The focal lengths of lenses L 3 and L 4 (100 and 150 mm, respectively) provide an image magnification of 1.5× between S and C 1 . In order to suppress the crosstalk between two adjacent spectral images, a slit in conjunction with lenses L 6 and L 7 is used as a field stop. The sample S was a surface grinding roughness standard from Rubert & Company Ltd, Cheshire, UK, with average roughness Ra of 3.2 μm. 
OPTICAL SETUP

RESULTS
An example of a set of 64 narrowband images recorded by the prototype system is shown in Fig. 3 , with the inset showing four such images enlarged by 10×. The image set was taken with the object arm only. The wavelength separation between adjacent images is 0.5 nm at 840 nm. The speckle pattern produced by the rough surface is clearly visible. The images produced by simultaneous illumination by object and reference waves are stacked to create a hyperspectral image volume. Each image has a size of 19×19 pixels, corresponding to a field of view of 81.7×81.7 μm 2 . Techniques to register the images have been presented in [1] in the case of profilometry of a step on optically smooth surfaces. The 1-D intensity signals from three sample pixels from the optically rough sample are shown in Fig. 4 , where the horizontal axis represents (to within a scaling factor) relative wavenumber (k). The spectral pedestal function has been removed to eliminate low frequency terms from the subsequent 1-D Fourier transforms along k and vertical offsets introduced to clarify the presentation 2 .
The random surface microstructure causes random phase offsets between pixels, which make depth measurement at a single wavelength impossible for a rough surface, even with phase shifting. HSI on the other hand uses the frequency of the signals I(m, n, k) to encode depth, and this is unaffected by the random phase shifts seen in the signals of Fig. 2 . 1-D Fourier transformation along k, followed by location of the peak on a pixel by pixel basis, provides a map of surface height h(x, y) 2 .
As an illustration of the system performance, Fig. 3 shows four measured height maps of part of the sample surface, where the sample was moved axially in 50 μm steps between the four successive frames. Spatial smoothing with a 4×4 kernel was used to remove erroneous points from the dark speckles. The experimental average distance between height maps is 50.16 μm, with an rms deviation between the four surfaces after registration of 460 nm. 
CONCLUSION
We have demonstrated how hyperspectral interferometry can be used to measure 3-D profiles of rough surfaces in a single shot. Unlike the case of smooth wavefront HSI, the resultant speckle introduces random spatially-varying phase shifts in the interferogram. Unambiguous depth information is still provided on a pixelwise basis, however, from the frequency of the intensity modulation with respect to wavenumber. Potential applications include areal roughness measurement and probes for coordinate measurement machines where rapid data acquisition in non-cooperative environments is essential. 
